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Data preparation for asteroseismology with TESS
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Abstract. The Transiting Exoplanet Survey Satellite (TESS) is a NASA Astrophysics Explorer mission. Fol-
lowing its scheduled launch in 2017, TESS will focus on detecting exoplanets around the nearest and brightest
stars in the sky, for which detailed follow-up observations are possible. TESS will, as the NASA Kepler mis-
sion, include a asteroseismic program that will be organized within the TESS Asteroseismic Science Consor-
tium (TASC), building on the success of the Kepler Asteroseismic Science Consortium (KASC). Within TASC
data for asteroseismic analysis will be prepared by the TASC Working Group 0 (WG-0), who will facilitate
data to the community via the TESS Asteroseismic Science Operations Center (TASOC), again building on the
success of the corresponding KASOC platform for Kepler. Here, we give an overview of the steps being taken
within WG-0 to prepare for the upcoming TESS mission.
1 Introduction
The Transiting Exoplanet Survey Satellite (TESS) is a
NASA Astrophysics Explorer mission [1], scheduled for
launch at the end of 2017 and with a nominal mission du-
ration of 2 years. TESS may be seen as the successor to
the NASA Kepler mission [2], and will as Kepler search
for exoplanets using the transit method — here, a planet
is identified from the dimming produced when it passes in
front of its host star. Different from Kepler, TESS will fo-
cus on the nearest and brightest stars in the sky, allowing
for detailed follow-up observations, and will over its nomi-
nal mission nearly cover the full sky. The primary science
goal of Kepler was to determine the frequency of Earth-
like planets in and near the habitable zone of solar-type
stars [2]; TESS will instead focus on finding exoplanets
smaller than Neptune where a detailed characterization is
possible from follow-up observations.
With the advent of the space-based missions CoRoT
[3] and Kepler, the field of asteroseismology has flour-
ished over the last decade [4]. The reason for this ad-
vancement is that the photometric requirements needed for
detecting transiting exoplanets coincide with those needed
for asteroseismology, to wit, photometric observations of
long duration and high precision. This synergy was real-
ized early on for both the CoRoT and Keplermissions, and
led forKepler to the formation of theKeplerAsteroseismic
Investigation (KAI). Via the Kepler Asteroseismic Science
Consortium [KASC; 7] this provided direct access to the
e-mail: lundm@bison.ph.bham.ac.uk
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data from Kepler and helped to organize the work within
the broad asteroseismic community.
Building on the success of KASC, the asteroseismic
studies in TESS will be organized in the TESS Asteroseis-
mic Science Consortium [TASC; 8]. In the following we
will focus on the preparation of data from TESS for the
sake of asteroseismology.
2 The TESS mission
Over its nominal mission TESS will observe the full sky,
starting in the southern hemisphere. The total field of view
(FOV) of the four cameras of TESS (each with 4 CCDs)
will cover a rectangular slap of the sky spanning 24◦ ×96◦,
starting from an ecliptic latitude of ∼6◦. A given 24◦ ×96◦
field will be observed for ∼27-days, corresponding to two
orbits of the TESS spacecraft in its highly elliptical 13.7-
day Lunar resonances orbit —we refer to such a field as an
observing ‘Sector’. Given the observing strategy adopted
in TESS, some regions will be observed for longer than
∼27-days. Most notable are the regions within 12◦ of the
ecliptic poles that will be observed continuously, these are
the so-called continuous viewing zones (CVZs).
Observing cadences will come at 20 and 120 seconds,
and full-frame-images (FFIs) will be obtained every 30
minutes. Over the course of the nominal 2 year mission the
number of stars observed in 20-sec and 120-sec cadences
will exceed 200,000, and data for >20,000,000 stars are
predicted from the 30-min FFIs. The pixels in TESS are,
with a size of 21.1′′, significantly larger than those of Ke-
pler, which measured 3.98′′. However, the pixel response
function in TESS is very similar to that of Kepler, with
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Figure 1: Spectral response functions Sλ for Kepler [5] and
TESS [1], normalised to a maximum of 1. Shown are also the
standard Johnson-Cousins UBVRCIC photometric systems from
[6], normalised to maximum values of 0.6.
∼50% of light contained within 1 pixel, and ∼90% con-
tained within 4×4 pixels. The band-pass of TESS, roughly
spanning the interval from 600 − 1000 nm and centred
on the IC band, is redder than that of Kepler which was
centred on the RC band (see Figure 1). At short wave-
lengths the TESS spectral response function is dominated
by a long-pass filter transmission, and by the CCD quan-
tum efficiency at long wavelengths.
Considering the number of stars observed and the
larger number of pixels on average devoted to each of these
(∼100 pixels vs. ∼32 in Kepler), the data rate for TESS
from 120-sec cadence data will be a factor of ∼13 that of
Kepler. If FFIs are included the data rate rises to a factor
of ∼25 that of Kepler (Jenkins et al., in prep.). Data will
be down-linked every 13.7-days when the TESS space-
craft reaches the perigee of its orbit. Here data will be
transferred from TESS to the Deep Space Network (DSN),
which will act as the relay for the TESS observations.
3 The TESS Asteroseismic Investigation
As mentioned in Section 1, the Kepler Asteroseismic In-
vestigation (KAI) was organized within the broad inter-
national community in the KASC. Building on this, the
TESS Asteroseismic Investigation (TAI) will be organized
in the TESS Asteroseismic Science Consortium [TASC;
8]. Like KASC, the investigations within TASC will be di-
vided between a number of Working Groups (WGs), each
of which deals with the utilization of data for a specific
group of objects. Each WG will have two co-chairs who
will have the overall responsibility for the running of the
WG, and these will be members of the TASC steering
committee (SC). The TASC-SC, including also the TASC
Board, is responsible for the overall running of TASC and
will reports to the TESS team on issues pertaining to tar-
get selection. TASC will furthermore organize workshops
aiming at target selection, science collaboration and data
analysis.
Data and communication platforms for the WGs will
be facilitated for TASC via the TESS Asteroseismic Sci-
ence Operations Center (TASOC)1, hosted at the Stellar
Astrophysics Centre (SAC) at Aarhus University, Den-
mark. TASOC will furthermore provide long-term stor-
age of all data products. By and large, TASOC will copy
the facilities of the Kepler Asteroseismic Science Oper-
ations Centre (KASOC)2. Membership of TASC is open
and any member of TASC can apply to become a member
of a given WG. The WG-0 “TASOC - Basic photometric
algorithms and calibration of time / TASC data products”
will, as the name suggests, be responsible for maintaining
the TASOC portal and the timely provision of data prod-
ucts for the whole of TASC. In Section 4 below we outline
the different main tasks and responsibilities of WG-0.
4 WG-0 tasks
WG-0 will have the overall responsibility for delivering
analysis-ready data for asteroseismology to TASC in a
timely fashion. For each 27-day pointing, ∼750 targets
at 120-sec cadence, and ∼60 targets at a 20-sec cadence,
will be available for asteroseismology. WG-0 is, how-
ever, committed to the preparation of data for all targets
with 120-sec and 20-sec cadences, not only those des-
ignated for asteroseismology. Additionally, WG-0 will
analyse the 30-min FFIs in order to facilitate the detec-
tion of oscillations in red giants, SPBs, RR Lyraes, β Cep
stars, Cepheids, etc., and will also produce light curves
for eclipsing binaries. To produce optimally prepared data
for the many different types of studies conducted within
TASC, WG-0 will maintain close collaborations with the
other WGs of TASC.
The TESS Science Processing Operations Center
(SPOC) will process all 120-sec targets in the same man-
ner as done by the Science Operations Center (SOC) for
Kepler. This includes, for instance, the calibration of pix-
els, extraction of photometry and astrometry, definition of
optimal pixel masks for aperture photometry, correction
for systematic errors, etc. — i.e., an end-to-end analy-
sis. For FFIs, SPOC is only committed to calibrating and
archiving the pixels, while no corrections will be done at
all for 20-sec data products (see Section 4.1). Data prod-
ucts from both WG-0 and SPOC will be modelled after
those from Kepler (Jon Jenkins, private comm.).
4.1 20-sec-specific data correction
The 20-sec cadence data have been included amongst the
cadences employed by TESS primarily for the sake of as-
teroseimology. The 20-sec cadence will be especially use-
ful for studies of high-frequency oscillators, such as white
dwarfs and some main-sequence solar-like oscillators. Be-
cause this sampling has been introduced for asteroseismol-
ogy, only fully raw data will be delivered by the TESS
team. WG-0 will then be responsible for the full calibra-
tion and analysis of these data, including basic corrections
1tasoc.dk
2kasoc.phys.au.dk
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Figure 2: Potential effect of CRs in TESS. Shown are two 20-sec
cadences of the same simulated pixel-field, one of which (right)
are affected by a CR producing a trail impacting many pixels.
for 2D black levels; detector gain/linearity; smear; flat-
fielding; and the removal of cosmic rays.
4.1.1 Cosmic rays
For 120-sec data and the 30-min FFIs, cosmic-ray (CR)
signals will be mitigated on-board before the cadences are
created from the 2-sec integrations in TESS. The idea for
this mitigation is, at the time of writing, to identify outliers
in the 2-sec light curves of individual pixels. If a given
pixel is found to be affected by CRs, the identified 2-sec
samplings are removed before the data are co-added to the
120-sec and 30-min cadences. Given that the 20-sec data
will only consist of 10 such 2-sec integrations, it has been
decided that removing the CRs from the co-added data on
ground is more optimal. For every 20-sec cadence there is
a ∼1.7% chance per pixel for a CR hit. WG-0 will before
launch need to identify suitable methods for such a correc-
tion. It is worth noting that CRs in TESS will impact the
photometry in a manner quite different to that in Kepler,
because of the difference in the pixels between TESS and
Kepler. In TESS, the pixels have a width of 15µm and a
depth of 100µm, whereas Kepler use pixels with a width of
27µm and a depth of 15µm. The reason for this choice is
the desire for a high spectral response at long wavelengths
(Figure 1), which requires significantly deeper pixels due
to the quantum efficiency of the detector material. The
deeper pixels, however, means that the cross-section of the
detector for an incoming CR is much larger than in Kepler.
Figure 2 shows a simulated pixel field at two different 20-
sec cadences, where one (right panel) is affected by a CR.
Where such an event in Kepler would likely only have af-
fected a single pixel, it can in TESS produce a trail which
impacts many pixels.
4.2 Sky backgrounds
For 20-sec data and FFIs WG-0 will need to estimate
sky-background (SB) levels. The non-instrumental SB
is mainly composed of the contribution from the dif-
fuse background of unresolved stars and galaxies and the
sky glow from Zodiacal light, which depends especially
on ecliptic latitude [see, e.g., 9]. Before launch, WG-0
will work towards a proper and robust estimation of the
SB for the highly diverse fields covered by TESS, going
from near-ecliptic to polar and from very sparse to very
dense (including regions containing stellar clusters, see
Figure 3).
4.3 Extracting photometry
WG-0 is committed to extracting light curves for all pos-
sible sources in the 20-sec, 120-sec, and 30-min FFI data.
As mentioned in Section 1, this will over the course of the
nominal 2-year mission amount to >200,000 star from 20-
sec and 120-sec cadences, and >20,000,000 stars from the
30-min FFIs. This number of targets, coupled with the re-
quirement of a timely processing, means that the pipeline
constructed for this task will need to be both fast and ro-
bust. The pipeline will also have to be flexible in terms
of its ability to process very diverse fields, including dense
fields close to the ecliptic, nebulous regions with high con-
tamination from the SB, and open as well as globular clus-
ters (Figure 3). It will be especially interesting in the pre-
flight tests (Section 5) to see what can be expected for stud-
ies of star clusters given the relatively large TESS pixels.
Many methods exist for extracting photometry from
CCD images, including aperture, point-spread-function
(PSF), and so-called optimal photometry [10–13]. Some
of these have already been adapted, or extended upon, for
the Kepler and K2 missions [14–18]. Each of the methods
have their pros and cons — aperture photometry is by far
the simplest and fastest method, but deciding the optimal
size and shape of the aperture is not always straightfor-
ward, and it is far from optimal for dense and crowded
regions; optimal photometry can provide a more accurate
extraction, but it is slower, requires knowledge (albeit not
particularly accurate) of the PSF, and is still not optimal
for dense and crowded regions; PSF photometry is opti-
mal for dense and crowded regions, but requires accurate
knowledge of the PSF and is again slower than aperture
photometry. Concerning the PSF, it is worth noting that
the TESS PSF will include both off-axis aberrations and
chromatic aberrations arising both from the refractive el-
ements of the TESS camera and from the deep-depletion
CCDs, absorbing redder photons deeper in the silicon.
All these aspects of the different possible methods
must be considered in a final pipeline — ideally, each
method should be thoroughly tested on realistic simulated
data, considering here also the hardware requirements that
will be needed to keep up with the high data rates of TESS.
In the end, light curves may well have to be extracted with
a range of different methods, depending on the type or
crowding of the field under study. Another option might
be to run several methods for all fields, with the optimum
choice of extracted photometry being made only after the
fact.
4.4 Light curve preparation
Following the extraction of raw light curves from pixel
data, WG-0 will for each star produce an analysis-ready
light curve for asteroseismology, corrected for any instru-
mental features. From Kepler we know that instrumen-
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tal features can come in many forms [19–21], includ-
ing jumps from drops in pixel sensitivity, or from differ-
ences in sensitivities between the CCDs that a given star
might land on. Such shifts in CCD position happened ev-
ery Quarter in Kepler, and will also occur with TESS for
stars with observing durations exceeding the ∼27 days of
an observing Sector; secular changes from variations in
focus (e.g. from a change in solar heating of the space-
craft), or drifts either in pointing or from differential ve-
locity aberrations; abrupt changes after safe-mode events
or data down-links (which will happen every 13.7-days
with TESS); transient events such as the Argabrighten-
ing events found in Kepler [22], CRs, or from momentum
dumps in the reaction wheels orienting the spacecraft.
Currently, we can only speculate about the instrumen-
tal features that will be found in TESS, but it is near certain
that some features will be found. The instrumental fea-
tures that might be found cannot simply be rectified in the
same manner for all types of stars under study by TASC
(including solar-like oscillators, RR Lyraes, white dwarfs,
eclipsing binaries, etc.). When observing a given star, the
observed signal will be a mix of physical and instrumen-
tal contributions. Given that the time scales, amplitudes,
and phase stability of the physical component will depend
on the type of star observed, and thus also on its overlap
with the instrumental signals, the method for isolating the
instrumental contribution and preserving the astrophysical
signal will in effect also depend on the stellar type.
The idea in WG-0 is to build on the collective knowl-
edge of the community by bringing together people with
expertise on the data preparation for different stellar types
[see, e.g., 20, 21, 23–26]. Many methods for rectifying
light curves for analysis were developed during the Ke-
pler mission, and more recently for the re-purposed K2
mission [see, e.g., 15, 27–31]. WG-0 will develop a data-
correction pipeline that adopts a star-based approach to
the mitigation of instrumental effects; this will build on
pipelines developed during the Kepler mission for specific
types of stars. For the pipeline it is worth keeping the
high data rate of TESS in mind — not only should the
pipeline be robust and able to handle a diverse range of
stellar types, it should also be fast enough to allow for a
timely facilitation of processed data. Several versions of
light curves will be available via TASOC for a given star,
including a raw uncorrected light curve; a ‘standard’ light
curve where the correction method adopted is the same for
all stars; and a star-type customized light curve (based on
the inputs and request of the TASC community).
4.5 Absolute timing
The TESS on-board clock should be accurate and stable
to better than ∼5 msec. To obtain a similar accuracy on
the time stamps in Barycenter Julian Days (BJD) in the
Earth frame, the correction to the light travel time between
the spacecraft and the DSN should be accurate to the same
level. This will be achieved from knowing the 3D-position
of the TESS spacecraft in space to a high level of accu-
racy (1500 km, corresponding to a light travel time of 5
msec). However, delays may occur in the ground system
(e.g. after data down-links or safe mode event) that can-
not be accounted for without an independent assessment
of any temporal shifts.
For the sake of ground-based follow-up observations,
e.g. of transiting exoplanet hosts, it is naturally worth
knowing the absolute time stamps of the data. Require-
ments on the accuracy of the absolute timing comes also
from asteroseismology [32]:
◦ To reach the highest possible photometric quality from
120-sec observations, and the photon noise limit for the
brightest stars, the absolute photometry needs to be ac-
curate and stable to better than 5 msec.
◦ To reach the theoretical accuracy of high-amplitude co-
herent oscillations one needs the time at which each ex-
posure is obtained to be very accurate over the period
of an (27-day) observing Sector. For coherent pulsation
modes this requires that the length of exposure is accu-
rate over an observing Sector to better than 5 msec.
◦ To allow comparisons between ground-based observa-
tions with those from TESS, one needs to be able to
estimate the absolute time of a given photometric data
point and establish a stable reference (e.g. central time
of a given observation). For coherent pulsation modes
the absolute time (in HJD/BJD) should be known to bet-
ter than 0.5 sec; for solar-like oscillations the required
accuracy is better than 1 sec over a ∼10 day period.
For the calculations leading to these estimates see [32].
The TESS team will make the corrections based on
calculated light travel times; WG-0 is then committed to
making independent checks of the absolute time stamps.
The regular calibrations will be achieved by perform-
ing contemporaneous observations between TESS and
ground-based facilities of several objects with photome-
try varying rapidly in time, such as bright, deep, detached
eclipsing binaries. The absolute time shift, if any, can then
be determined by cross-correlating the contemporaneous
time series. The ideal objects for these checks will be
found in the CVZs of TESS.
The work on the absolute timing issue will be handled
by a dedicated sub-group of WG-0. As the checks of ab-
solute times should be done regularly, and possibly after
any data down-link or safe-mode event, the sub-group will
have to be able to respond and obtain ground-based data on
short notice. WG-0 will here depend on members of the
TASC community with access to ground-based facilities.
4.6 Stellar classification
An additional sub-group will be formed under WG-0 to
perform stellar classification of stars observed with TESS.
The classification is important to select the proper course
of action in rectifying a given light curve for asteroseismic
studies (Section 4.4). WG-0 will conduct studies of the
best classification of stars from the raw photometric data
from TESS— this will be achieved using techniques from
machine learning [see, e.g., 33–36], which will be tested
on simulated TESS data before launch.
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light curves will be available via TASOC for a given star,
including a raw uncorrected light curve; a ‘standard’ light
curve where the correction method adopted is the same for
all stars; and a star-type customized light curve (based on
the inputs and request of the TASC community).
4.5 Absolute timing
The TESS on-board clock should be accurate and stable
to better than ∼5 msec. To obtain a similar accuracy on
the time stamps in Barycenter Julian Days (BJD) in the
Earth frame, the correction to the light travel time between
the spacecraft and the DSN should be accurate to the same
level. This will be achieved from knowing the 3D-position
of the TESS spacecraft in space to a high level of accu-
racy (1500 km, corresponding to a light travel time of 5
msec). However, delays may occur in the ground system
(e.g. after data down-links or safe mode event) that can-
not be accounted for without an independent assessment
of any temporal shifts.
For the sake of ground-based follow-up observations,
e.g. of transiting exoplanet hosts, it is naturally worth
knowing the absolute time stamps of the data. Require-
ments on the accuracy of the absolute timing comes also
from asteroseismology [32]:
◦ To reach the highest possible photometric quality from
120-sec observations, and the photon noise limit for the
brightest stars, the absolute photometry needs to be ac-
curate and stable to better than 5 msec.
◦ To reach the theoretical accuracy of high-amplitude co-
herent oscillations one needs the time at which each ex-
posure is obtained to be very accurate over the period
of an (27-day) observing Sector. For coherent pulsation
modes this requires that the length of exposure is accu-
rate over an observing Sector to better than 5 msec.
◦ To allow comparisons between ground-based observa-
tions with those from TESS, one needs to be able to
estimate the absolute time of a given photometric data
point and establish a stable reference (e.g. central time
of a given observation). For coherent pulsation modes
the absolute time (in HJD/BJD) should be known to bet-
ter than 0.5 sec; for solar-like oscillations the required
accuracy is better than 1 sec over a ∼10 day period.
For the calculations leading to these estimates see [32].
The TESS team will make the corrections based on
calculated light travel times; WG-0 is then committed to
making independent checks of the absolute time stamps.
The regular calibrations will be achieved by perform-
ing contemporaneous observations between TESS and
ground-based facilities of several objects with photome-
try varying rapidly in time, such as bright, deep, detached
eclipsing binaries. The absolute time shift, if any, can then
be determined by cross-correlating the contemporaneous
time series. The ideal objects for these checks will be
found in the CVZs of TESS.
The work on the absolute timing issue will be handled
by a dedicated sub-group of WG-0. As the checks of ab-
solute times should be done regularly, and possibly after
any data down-link or safe-mode event, the sub-group will
have to be able to respond and obtain ground-based data on
short notice. WG-0 will here depend on members of the
TASC community with access to ground-based facilities.
4.6 Stellar classification
An additional sub-group will be formed under WG-0 to
perform stellar classification of stars observed with TESS.
The classification is important to select the proper course
of action in rectifying a given light curve for asteroseismic
studies (Section 4.4). WG-0 will conduct studies of the
best classification of stars from the raw photometric data
from TESS— this will be achieved using techniques from
machine learning [see, e.g., 33–36], which will be tested
on simulated TESS data before launch.
Figure 3: Simulated pixels fields from SPyFFI of the Large Magellanic Cloud (LMC; left) and the globular cluster ω Centauri (NGC
5139; right).
5 Pre-flight tests
In order for WG-0 to be able to construct a data processing
pipeline that is ready when the first data from TESS are
received, numerous tests will be conducted on simulated
data (Section 5.1).
5.1 Pixel-data simulation
Pre-flight analysis will be performed on simulated TESS
pixel data made using the “Spiffy Python for Full Frame
Images” (SPyFFI) simulator. The simulator was created
at the Massachusetts Institute of Technology (MIT) by Za-
chory K. Berta-Thompson (private comm.). As the name
suggests, SPyFFI is a Python-based code for simulating
TESS pixel data, including FFIs.
To simulate a given field, SPyFFI uses a user-specified
input catalogue with stellar positions and magnitudes. The
UCAC4 [37] catalog is currently used, but eventually the
TESS Input Catalog [TIC; 38] will be adopted. SPyFFI
includes realistic models for the TESS pixel response, dif-
ferential velocity aberration, cosmic rays, spacecraft jitter,
focus changes, and sky backgrounds (and the parameters
of all of these contributions can be adjusted to test meth-
ods from best- to worst-case scenarios). Figure 3 gives
examples of two simulated TESS pixel fields, one of the
Large Magellanic Cloud (LMC) and one of the ω Centauri
globular cluster.
SPyFFI furthermore has the option of assigning a sim-
ulated light curve to a given star in a given field. These
light curves can include transits, eclipses, spot modula-
tions, and/or oscillations. The light curves with solar-like
oscillations and granulation signals are produced using the
asteroFLAG simulator [39]; light curves for classical os-
cillators have been constructed with frequencies, phases,
and amplitudes from such stars observed by Kepler (Vichi
Antoci and Steven Kawaler, private comm.).
5.2 T’DA workshop series
To address the issues of TESS data preparation for as-
teroseismology, WG-0 is organizing the workshop series
“TESS Data for Asteroseismology” (T’DA). The idea is
to bring together people from the broad community, who
either have expertise from missions such as Kepler or
CoRoT, or who are students planning to work on data anal-
ysis issues. The T’DA series is planned to include, at least,
workshops dedicated to (1) extracting light curves from
pixel data; (2) correcting light curves for the optimal out-
put from asteroseismic analysis; and (3) stellar classifica-
tion. The first workshop (T’DA1), entitled “From Pixels
to Light Curves”, will be held at the University of Birm-
ingham, UK, from 31st Oct. to 2nd Nov. 2016.
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